The levels of verotoxin-1 and verotoxin-2 released by verotoxigenic Escherichia coli O157:H7 treated in vitro with sodium nitrite, sodium chloride and several antibiotics were evaluated. Of the three strains of E. coli O157:H7 used in this study, two strains produced both verotoxin-1 and verotoxin-2, and one strain produced only verotoxin-2. Treatment of E. coli O157:H7 with sodium nitrite (6,000 mg/l, minimum inhibitory concentration) did not increase the levels of verotoxin-1 and verotoxin-2 compared with a treatment by sodium chloride or antibiotics. When the electron paramagnetic resonance spectrum of sodium nitrite-treated bacterial cells was examined at 77 K to clarify the mechanism for the anti-bacterial activity of nitric oxide derived from sodium nitrite, electron paramagnetic resonance signals with g-values of 2.035 and 2.010 were observed. These were identified as being derived from iron-nitric oxide complexes. It appears that the dinitrosyl iron complexes in the E. coli O157:H7 cells were generated from the reaction of iron-sulfur proteins (enzymes) with nitric oxide formed by the reduction of sodium nitrite. The amount of ATP was decreased by the presence of sodium nitrite in the cell suspension. These findings indicate that nitric oxide derived from sodium nitrite penetrated the cells and inactivated enzymes related to the respiratory chain.
Escherichia coli O157:H7, known as verotoxigenic E. coli, causes hemorrhagic diarrhea and hemolyticuremic syndrome. The organism was first identified as a food-borne pathogen of colitis in human beings during an investigation of two outbreaks in the USA in 1982. 1) More serious and extensive outbreaks of E. coli O157:H7 infection occurred during Japan in 1996-1997.
2) Verotoxigenic E. coli produces major two types of verotoxin (VT1 and VT2), enterohemolysin (ehxA) and intimin (eaeA) virulence.
3) Most cases in E. coli O157:H7 infection were associated with the consumption of undercooked, contaminated ground beef and pork, because E. coli O157:H7 is part of the normal bacterial flora in such healthy Artiodactyla as bulls and pigs. 4) In the course of slaughtering these animals, their intestinal contents often contaminate the meat, which subsequently serves as the source of infection unless the meat is well cooked. 5) Sodium nitrite (NaNO 2 ) is used as an additive in cured meat and exerts significant antimicrobial effects. 6) Several mechanisms for the anti-botulinal activity of NaNO 2 have been proposed: NaNO 2 may react with sulfur-containing amino acid via nitrous acid; or it may react with ferredoxin (an iron-sulfur-containing enzyme that is necessary for energy production in some clostridial vegetative cells) and inhibit growth. 7) Cysteine-nitric oxide (NO)-Fe complexes, referred to as the 'Perigo factor', have been found to significantly inhibit clostridial growth. NaNO 2 inhibits the phosphoroclastic reaction, and is presumably catalyzed by ferredoxin in Clostridium sporogenes and Clostridium botulinum. 8) Reddy et al. 9) have reported that iron-sulfur proteins were contained in vegetative cells of C. botulinum and reacted with NaNO 2 that has been added to form iron-NO complexes, resulting in destruction of the ironsulfur clusters. Inactivation of iron-sulfur enzymes (e.g. ferredoxin) by binding NO may inhibit the growth of C. botulinum. This iron-NO complex, identified as a dinitrosyl dithiolate iron complex, has recently been recognized as an endogenous NO carrier molecule. 10, 11) Sodium chloride (NaCl) is used in many foods (e.g., meat products and fermented vegetables) as a preserva-tive with a bacteriostatic effect on noxious bacteria. Three inhibitory processes from NaCl are responsible for its effect on micro-organisms, i.e., lowering the water activity level, the inhibitory effect of the Na þ ion, and inhibition of proteolytic enzymes that are necessary for growth. Although these processes are interrelated with the total inhibition of growth, the Na þ ion is the most effective at the NaCl concentration generally found in foods.
12) The bacteriostatic effect of NaCl is a result of the synergistic effect of these processes. Antibiotics are generally effective in the treatment of infectious diseases of the gastrointestinal tract. However, when used against E. coli O157:H7, it is well known that antibiotics lyse the bacterial cells and cause the release of large quantities of VT1 and VT2 into the gastrointestinal tract. Considerable research has been cinducted to control E. coli O157:H7 in food products and in clinical specimens.
In this present study, the addition of NaNO 2 and/or NaCl is found to inhibit E. coli O157:H7. The effects of the incubation temperature and pH value on the NaNO 2 inhibitory activity are examined. E. coli O157:H7 cells are treated with NaNO 2 , NaCl or several antibiotics, and the quantities of VT1 and VT2 released are compared. In addition, to understand the mechanism for the antibacterial activity of NaNO 2 , E. coli O157:H7 is treated with NaNO 2 or the NO donor, 3-[2-hydroxy-1-(1-methyl)-2-nitrosohydrazinol-1-propanamine], and the presence of iron-sulfur centers in E. coli O157:H7 and their disappearance, with the simultaneous formation of nondialyzable iron sulfur-NO complexes, is studied by electron paramagnetic resonance (EPR) spectroscopy.
Materials and Methods
Bacterial strains. The verotoxin production of three strains of E. coli O157:H7, which were obtained from clinical patients during the 1995-1996 outbreak in Japan, 2) were determined by using an Escherichia coli verotoxin detection kit (Denka Seiken Co., Tokyo, Japan). A one-shot PCR screening and verotoxin gene detection kit (TaKaRa Biomedicals Co., Tokyo, Japan) was used for a genetic analysis.
Inoculum. LB broth (10 ml) was inoculated with each E. coli O157:H7 strain on an LB agar plate and incubated overnight at 37 C. Subcultures of these strains in the LB broth were incubated for 18 hr at 37 C and used to give the results show for the experiments in Tables 1 and 2 . An aliquot (1 ml) of each E. coli O157:H7 strain was diluted with fresh LB broth to a concentration of approximately 3 Â 10 4 cells/ ml. A calculated amount was used to inoculate each filtered culture medium to give an inoculum of 10 4 cells/10 ml of final culture. An aliquot (1 l) of each diluted subculture was then inoculated into a 10 ml of fresh LB broth. Each minimum inhibitory concentration (MIC) value was determined by the dilution method, 13) using NaCl, NaNO 2 , polymyxin B, erythromycin, streptomycin and/or ampicillin in LB broth.
Determination of VT1 and VT2. The quantities of VT1 and VT2 released by the three E. coli O157:H7 isolates were measured within the detectable range (1 ng/ml minimum detectable quantity) by employing graduated dilution through a reverse passive latex agglutination (VTEC-RPLA) reaction according to the literature accompanying the Escherichia coli verotoxin detection kit. Each strain was cultured in LB broth (Difco) at 37 C for 16 hr, streaked on BHI agar (Denka Seiken Co., Tokyo, Japan), and cultured at 37 C for 20 hr to form colonies, these being collected and rinsed once with sterile saline. Sixty mg (wet) of this culture was resuspended in 1 ml of fresh LB broth (ca. 10 9 CFU/ml) and then incubated at 37 C for 30 min. In accordance with the manual accompanying the Escherichia coli verotoxin detection kit, the quantities of VT1 and VT2 released from the colonies were measured. The same procedure was repeated for the other antibiotics, NaCl and NaNO 2 .
Electron paramagnetic resonance (EPR) spectroscopy. Each cell suspension (0.4 ml) was transferred to an EPR tube. EPR spectra were recorded by an EPR spectrometer (JES-TE3X, Jeol Co., Tokyo, Japan) under the following conditions: 14) microwave power, 4 mW; modulation frequency and width, 9.1 GHz and 0.32 mT; temperature, 77 K; measurement time, 4 minutes.
ATP measurement by the bioluminescence intensity. The bioluminescence intensity was measured with a K-210 Lumitester and ATP-eliminating reagent (Kikkoman Corp., Chiba, Japan). ATP content was obtained with the method described by Hattori.
15)
Chemicals. Polymyxin B was purchased from Denka Seiken (Tokyo, Japan) and erythromycin, streptomycin and ampicillin were obtained from Sigma (St. Louis, MO, USA). 3-[2-Hydroxy-1-(1-methylethyl)-2-nitrosohydrazinol-1-propanamine (Dojindo Laboratories, Kumamoto, Japan) was used as an NO donor.
Results
The Escherichia coli verotoxin detection kit is used to detect the release of verotoxins through an inverse reception latex agglutination reaction. As shown in Fig. 1 , two strains (FEC-43 and -83) produced both VT1 and VT2, while one strain (FEC-70) produced only VT2. Table 1 shows the effects of NaNO 2 , NaCl and several antibiotics on the E. coli O157:H7 growth in LB The cells (ca. 60 mg wet weight) were suspended in fresh LB broth and incubated for 30 minutes at 37 C. The cells (ca. 60 mg wet weight) were also suspended in fresh LB broth to which NaNO 2 , NaCl or one of several antibiotics was added at the respective MIC level and incubated for 30 min at 37 C. Each value is the mean of four determinations (error bars show confidence limits; P < 0:1). Refer to Table 1 for  abbreviations. broth (pH 6.8) at 37 C over a 20-h period. Under the incubation conditions considered optimal for E. coli O157:H7 growth in LB broth, the minimum inhibitory concentration (MIC) of NaNO 2 was 6,000 mg/l or higher at 37 C. 16 ) At 15 C, the E. coli O157:H7 growth was not inhibited, but was slower in LB broth without NaNO 2 in the pH range of 5.5 to 6.8 (data not shown). However, when the incubation temperature was reduced to 20 C and then to 15 C, the pH value of the LB broth changed from 6.8 to 5.5 (as shown in Table 2 ) and bacterial growth was inhibited. The growth is presented at OD 660 nm in Table 2 .
No EPR signal around g ¼ 2:036 could be detected in the untreated vegetative cell suspension of the FEC-43 strain (Fig. 2-A) . The EPR spectrum shown in Fig. 2 -C was obtained when both sodium ascorbate (500 mg/l) and NaNO 2 (200 mg/l) had been added to a vegetative cell suspension of E. coli O157:H7 (FEC-43). As can be seen in this figure, a spectrum containing EPR signals at g ¼ 2:036 and 2.011 was obtained. Since sodium ascorbate can immediately reduce NaNO 2 to yield NO, these signals most likely originated from NO that had been formed. When NOC 5 (NO donor 3-[2-hydroxy-1-(1-methyl)-2-nitrosohydrazinol-1-propanamine], Dojindo Laboratories, Kumamoto, Japan) has been added as an NO donor (2 mM) to a vegetative cell suspension of the FEC-43 strain, an EPR spectrum with g values of 2.036 and 2.011 ( Fig. 2-D) was also obtained. 17, 18) When E. coli O157:H7 cells were treated only with NaNO 2 (200 mg/l), the EPR signals shown in Fig. 2-B were similar to those in Figs. 2-C and -D. E. coli O157:H7 cells might produce reducing substance(s) in a similar manner to the reducing action of sodium ascorbate for NaNO 2 . These signals shown in Figs. 2 -B, -C, and -D closely resemble those of NO complexes of various iron-sulfur units containing proteins, peptides and chelates. 10, 11) As shown in Fig. 2 -A, a signal at g ¼ 1:94 was observed in the spectrum for the untreated E. coli O157:H7 cells, although this signal disappeared when NO was present. Each cell suspension was streaked on LB agar and incubated at 37 C for 5 days. The untreated cells formed colonies on the plate, while the cells treated with NaNO 2 were incapable of doing so. In this study, E. coli O157:H7 was completely eradicated by NO derived from NaNO 2 or NOC 5.
The ATP content in an E. coli O157:H7 cell suspension (10 11 cells/ml) is shown in Fig. 3 after 60, 600, 1,200, 1,800, 3,000, or 6,000 mg/l of NaNO 2 had been added to the suspension. The ATP content decreased in the cell suspensions in proportion to the increasing amount of NaNO 2 .
The quantities of VT1 and VT2 produced by the FEC-43, -70 and -83 strains that had been treated with each antibiotic at their MIC levels are shown in Fig. 1 . These strains were also respectively treated with NaCl and NaNO 2 at an MIC levels of 7.6% (final concentration in the LB broth) or 6,000 mg/l. As shown in Fig. 1 , when each antibiotic or NaCl was added, the quantities of VT1 or VT2 in the LB broth increased considerably in comparison with the untreated control, while almost no increase in either VT1 or VT2 was noted after being treated with NaNO 2 . Agglutination was judged visually after 30 min. The titer is defined as the reciprocal of the highest dilution at which agglutination was observed in an E. coli O157:H7 (FEC-43) cell suspension with or without 60, 600, 3,000 or 6,000 mg/l of NaNO 2 . The quantity of both VT1 and VT2 in every suspension with or without 60, 600, 3,000 or 6,000 mg/l of NaNO 2 showed a titer ranging from 1:64 (0.024 ng/ml) to 1:128 (0.048 ng/ml). There was no effect of NaNO 2 concentration on VT1 and VT2 production.
Discussion
Contamination by E. coli O157:H7 of beef or pork has often occurred, but, interestingly, cured meat products (including uncooked meat products such as raw ham) to which NaNO 2 had been added as a colorfixation agent, have not been known to cause such an infection. The antibacterial effect induced by NaNO 2 was especially significant for C. botulinum; however, since 103.5 mg/l of NaNO 2 , which includes 70 mg/l of NO 2 À , at 15 C and a pH value of 5.5 completely prevented the growth of E. coli O157:H7 (Table 2) , it is likely that the agent played an important role in preventing E. coli O157:H7 infection. Coleman et al. 19) have reported that the initial density of the cells, temperature and pH value significantly affected the growth kinetics of the growth/no growth interface for E. coli O157:H7, and that the effects of the broth at 15 C or pH 5.5 were significant for its growth kinetics near the boundaries. As shown in Table 2 , at a low initial density, LB broth cultivated at pH 5.5 and incubated at 15 C affected the growth of the three strains of E. coli O157:H7, and supplementing 103.5 mg/l of NaNO 2 would completely inhibit their growth. The instances of inhibition increased with increasing concentration of NaCl and NaNO 2 , and were more frequent at lower temperature and lower pH value. This phenomenon is similar to that of an enteropathogenic E. coli in brain heart infusion broth and to a verotoxin-negative strain of Escherichia coli O157 in tryptic soya broth used by Hughes and McDermott, 20) and Casey and Condon, 21) respectively. NaNO 2 is a food additive, but, depending on its concentration and method of use, may have a harmful effect on the human body such as the induction of methemoglobinemia or the formation of carcinogenic nitrosamines. Therefore the Food Sanitation Law in Japan restricts the residual quantity of NO 2 À in meat products to less than 70 mg/kg. At a storage temperature below 15 C, 70 mg/l of NO 2 À was found to inhibit the growth of E. coli O157:H7. It has been shown that ironsulfur proteins contained in vegetative E. coli O157:H7 cells reacted with NO produced from NaNO 2 to form iron-NO complexes, with consequent destruction of the iron-sulfur clusters. Similar to Clostridium, the ironsulfur proteins inactivated by the binding of NO may play the most important hygienic role in the NaNO 2 reaction and its anti-E. coli O157:H7 activity. Based on our findings, cured meat products are considered to be safe against E. coli O157:H7, because NaNO 2 is added to them as a color-fixing agent during production. Untreated and air-oxidized cells of C. botulinum exhibited the EPR signal characteristic of an HiPiPtype iron-sulfur center, 9) whereas no EPR spectrum around g ¼ 2:036 could be detected in an untreated vegetative cell suspension of E. coli O157:H7 (Fig. 2-A) . Figure 2 -B shows the EPR spectrum that appeared after 200 mg/l of NaNO 2 had been added to a cell suspension of E. coli O157:H7. The axial signal had a principal upward feature at g ¼ 2:036 (Fig. 2-B) . The EPR spectrum of a cell suspension treated with both NaNO 2 and sodium ascorbate shows a g ¼ 2:036 signal in Fig. 2-C; a similar signal (Fig. 2-D) was found in the EPR spectrum of a cell suspension that had been treated with NOC 5. In C. botulinum, this signal has been detected under similar conditions, 9) and the g value was virtually identical to that of E. coli O157:H7. This signal is characteristic of NO complexes of various iron-sulfur units containing proteins, peptides and chelates, including purified succinate dehydrogenase. 22) Inhibition of the phosphoroclastic system was observed after the addition of NO, but such a result would be expected from any process that is dependent on iron-sulfur centers.
22) The addition of NaNO 2 to a C. botulinum vegetative cell suspension results in the formation of iron-NO complexes. Since iron-sulfur proteins exist in E. coli 23) and the EPR signal from NaNO 2 -treated cells of E. coli O157:H7 was identical to that of C. botulinum, it appears that iron-NO complexes were also formed in NaNO 2 -treated E. coli O157:H7.
It has been reported that the iron-sulfur signal at g ¼ 1:94 observed in untreated cells of C. botulinum decreased significantly in intensity after their treatment with NaNO 2 .
9) In this present study, the iron-sulfur signal at g ¼ 1:94 was also detected in untreated cells of E. coli O157:H7, whereas this signal disappeared when NaNO 2 or NOC 5 was used as an NO donor (Fig. 2) . The disappearance of this signal and the appearance of an iron-NO signal at g ¼ 2:036 and 2.011 after the addition of NaNO 2 indicates that the iron-sulfur-containing proteins in the E. coli O157:H7 cells had reacted with NO, which had been derived from NaNO 2 or NOC 5, to form iron-NO complexes.
The destruction of the iron-sulfur centers in purified succinated dehydrogenase under similar conditions and the inhibitory effects on micro-organisms have been reported. 22) Woods et al. 8) have reported a finding suggesting such a mechanism, including the formation of a small but detectable amount of NO after the addition of nitrite to a cell-free system. Although the modification of the iron-sulfur centers certainly resulted in an antibacterial effect, the addition of NaNO 2 may have exerted other inhibitory actions. As shown in Fig. 3 , the addition of NaNO 2 inhibited the synthesis of ATP in E. coli O157:H7 cells. Since NaNO 2 reduces the free sulfhydryl group concentration of the soluble cellular components of E. coli cells, the glyceraldehyde-3-phosphate dehydrogenase activity is abolished and the aldolase activity decreases. 24) NaNO 2 inhibits a variety of biological functions in aerobic bacteria (e.g. active transport, oxygen uptake and oxidative phosphorylation) consistent with the inhibition of electron transport processes in general by destroying the ironsulfur centers.
25) The inactivation of iron-sulfur enzymes in the respiratory chain by binding to NO can inhibit the growth of bacteria. 23) On the other hand, Le Brun et al. 26) have reported that the interaction of NO with the non-haem iron sites of E. coli bacterioferritin resulted in the reduction of NO to nitrous oxide and the oxidation of iron(II) to iron(III). These findings attest to the defensive system against NO that also exists in E. coli.
In eliminating E. coli O157:H7, the most important issue to be noted was its correlation with the quantity of verotoxin that was produced. While various antibiotics have the potential to kill E. coli O157:H7 present in the intestines of patients with an E. coli O157:H7 infection, E. coli O157:H7 produces a large quantity of verotoxins during the course of the infection and bacteriolysis causes their release from the bacterial cells, thereby exerting a disastrous effect on the patient. It has also been found that treating EHEC strains, namely E. coli O157:H7, O111 and O26, with imipenem, induced considerably low release levels of VT1 and endotoxin when compared with a treatment by ceftazimide. 27) There is significance in the study of substances with antibacterial activity that do not cause an increase in verotoxin production, yet are effective in killing E. coli O157:H7. We determined in this study the MICs of polymyxycin B, erythromycin, streptomycin and ampicillin by using LB broth (pH 6.8) at 37 C; based on their concentrations, the quantities of VT1 and VT2 produced by the FEC-43, -70 and -83 strains were then measured. With each of these antibiotics, a significant higher level of both verotoxins was found in the solutions than that without stimulation (Fig. 1) , this being consistent with other reports. As shown in Fig. 1 , NaCl at a concentration too low to kill the bacteria also induced an increase in the quantities of VT1 and VT2 by each E. coli O157:H7 strain. In contrast, there was no increase in the quantities of VT1 and VT2 released by the FEC-43, -70 or -83 strains after they had been treated with NaNO 2 at a concentration at which the latter showed antibacterial activity (Fig. 1) . We think that the antibacterial activity of NaNO 2 or NO can be attributed to instantaneous inactivation of an enzyme or enzymes of the respiratory chain which kills the bacteria by inducing respiratory suppression without inducing bacteriolysis.
In addition to clarifying the anti-bacterial activity of NaNO 2 against E. coli O157:H7, the results of this study provide a novel method for killing the organism by using NO, and with hardly any increase in the release of verotoxins during this process. During conditioning, the pH value of normal beef and pork falls from approx-imately 7.2 to 5.5, which is said to be the 'ultimate pH'. 28) In particular, at an incubation temperature of 15 C, NaNO 2 at a concentration of 103.5 mg/l or higher can completely inhibit the growth of E. coli O157:H7 strains FEC-43, -70 and -83. Since the effect of NOC 5 was associated with that of NaNO 2 , not only in antibacterial activity but also in inhibiting the increase in quantity of verotoxins, it appears that the antibacterial activity of NaNO 2 resulted from its reduction product, NO. The results of microscopic observations confirmed the complete absence of bacteriolysis of E. coli O157:H7 cells that had been treated with either NaNO 2 or NOC 5.
In this study, the biological effect of NO derived from NaNO 2 is based on the direct interaction with non-heme iron proteins such as complex I and complex II of the mitochondrial electron transport chain in E. coli O157:H7, although NO might affect the functions of the material transport system, metabolism and protein synthesis.
